Abstract. The efficiency test is an important indicator to evaluate the energy conversion performance of a hydraulic turbine. For hydropower stations which do not have the direct flow measurement conditions, whether the characteristic curve of a turbine obtained through similarity theory conversion by using the comprehensive characteristic curve of the turbine can correctly reflect the operating performance of the prototype unit is a key issue in this industry. By taking the No.1 unit of Khan Khwar hydropower station as the example, the efficiency test of this turbine was studied on the site, including the measurement method of test parameters, the configuration of the computer test system, as well as the processing and analysis of test data.
Introduction
The efficiency test of a turbine is one of the basic tests for hydraulic units. The efficiency characteristics of a turbine are the basic dynamic characteristics of the unit, and are one of the main indicators in evaluating the performance of the unit. The implementation of economic operation for a hydropower station is based on the efficiency characteristics of the turbine. Therefore, the economic operation of a hydropower station can be guided by monitoring the efficiency and flow rate of the turbine.
During the efficiency test of a turbine on the site, it is very difficult to measure the flow rate, and the workload is huge. Some hydropower stations even do not have the basic conditions for flow measurement. If forced to, the measurement accuracy will be low or the price will be too high [1] . In recent years, the test efficiency of a model has been used as the basis for the contracted efficiency test internationally. With the continuous improvement of testing accuracy of models, model test acceptance has been adopted for the guaranteed value of efficiency for the production acceptance test of many hydropower units. During the prototype efficiency test in China, index test of relative method is usually used to verify if the prototype efficiency curve has the shape of efficiency curve of model test. In the mean time, according to negotiations between both parties, the flow rate of the real unit is converted from the model discharge of many operating points (optimum), the value of the velocity head is obtained by iterative approximation method, the hydraulic specific energy is determined, and the magnitude of the absolute efficiency is approximately determined. The economic operation of the hydraulic unit is guided through comparison with the guaranteed value [2] . By taking the No.1 unit of Khan Khwar hydropower station as the example, the efficiency test of this turbine was studied on the site, including the measurement method of test parameters, configuration of the computer test system, as well as the processing and analysis of test data.
Basic parameters of units in Khan Khwar hydropower station
Khan Khwar hydropower station is located on the branch of India River at the Frontier Province at the west of Pakistan, which is 245km from Islamabad. The installed capacity of this station is 2×34MW+1×4MW, including two Francis vertical turbine generator sets of 34MW, which total capacity is 72MW. The design head of Khan Khwar hydropower station is 244m, and the maximum diversion flow rate is 30.1m 3 /s. 
where, W represents the readings of the power transmitter. The axial power of the turbine is obtained by indirect method through the measured generator efficiency by measuring the active power output by the generator.
3.1.2. Measurement of turbine working head. The turbine working head H is calculated by the following formula:
where, p ∆ represents the pressure difference (KPa) between the inlet of volute and the outlet of draft tube, which can be measured by differential pressure transmitter with the accuracy of 0.2%. γ represents the specific weight of water, which is determined according to the local acceleration. V 2 represents the average speed of flow at the inlet section of the volute (m/s), and V 3 represents the average speed of flow at the outlet section of the draft tube (m/s). V 2 and V 3 can be calculated by V=Q/F, where discharge Q is measured, and the section area F can be obtained from the drawings according to specific situations. a 2 represents the nonuniformity coefficient of flow distribution at the inlet section of the volute, and a 3 represents the nonuniformity coefficient of flow distribution at the outlet section of the draft tube, and a 2 =a 3 =1. g represents the local gravity acceleration, which can be obtained by the elevation and latitude of the power station. 
It can be obtained that the discharge is proportional to the arithmetic square root of volute differential pressure.
The values of K are different constants for different unit volutes or different measurement hole of the same volute. The value of K will remain a constant permanently for two piezometer tubes of the same unit as long as the pressure taking situations are not changed. To know the exact value of K in advance, other accurate measurement methods can be used during the model efficiency test of the hydraulic unit or it can be determined by iterative calculation through taking points on the characteristic curve of turbine operation. This is the task of calibrating the flow coefficient of volute flowmeter during the efficiency test of hydraulic unit.
3.1.4. Calculation of efficiency. According to formulas (1), (2) and (3), the efficiency of the turbine can be calculated after the measurement of power output, flow rate and head of the unit. The calculation formula is as follows:
where, η T represents the efficiency of the turbine (%); N T represents the output power of the turbine (kW); ρ represents the density of water (997.5 kg/m 3 , 20℃); g represents the local gravity acceleration (9.795 m/s 2 ); Q represents the discharge of the unit (m 3 /s); and H represents the working head of the unit (m).
Computer measurement system
The computer measurement system includes software system and hardware system. The hardware system is mainly composed by the sensor of measurement parameters, data acquisition unit and computer. All sensors of measurement parameters shall qualify the verification by qualified metrology department before use. Alstom Changweishi HSJ8000 turbine generator set portable test system was used for data acquisition. Its A/D conversion precision is 16 digits, the sampling speed is 1024Hz, and the system precision is less than 1％FS. During the test, the sensor of measurement parameters would output 4-20mA DC, and then the Alstom Changweishi HSJ8000 turbine generator set portable test system was connected, and finally it would be input into the computer. The computer data acquisition and processing software system collected the data according to the specified sampling frequency and time, and the collected current signal was converted into the actual value of the measured parameters according to the calibration factors of various sensors, and then the average value was obtained. The data results were stored as Excel data form in ASCII form for data processing and curve plotting after the test was completed.
Analysis of test results

Processing of test data
During the test, nine test operating points were selected according to the requirements of IEC60041. To prevent measurement error caused by guide vane callback, the load was adjusted by manual homonymous adjustment of guide vane opening. In the meantime, the water levels at the upstream and downstream of the power station were monitored. The gross heads were calculated. The testing conditions of turbine efficiency were listed in Table 1 . According to the comprehensive operating characteristic curve of the turbine converted by model test, a set of operating conditions closest to the operating point of the optimal efficiency was selected, the flow rate of the unit was iteratively calculated. According to the measured volute pressure difference of this operating point, K value was obtained from formula (3), and the flow rates of other eight operating points were obtained. And then the working head was calculated. The measured values of generator output powers and the measured values of turbine flow rates of all operating points were converted to the rated head 244m of the unit. The turbine efficiencies of all operating points were calculated according to formula (4). The data sheet for the calculation of turbine efficiency was shown in Table 3 . N E ≤ + + = ± According to the rules of IEC regulations, the measurement error of the head caused by the measurement error of relevant elevations of two pressure measurement sections and the error of measurement area at the inlet and outlet sections could be neglected. Therefore, the measurement error of the head was composed by pressure measurement error f p and water level measurement error f h [3] , which was 0.001 1000 241.2 %= %= 0.99% 244.8
The flow rate was measured by volute flowmeter, which accuracy depends on the calibration accuracy of the volute flowmeter and the flow measurement accuracy. Therefore, the error of flow measurement was composed by the calibration error of K value f K and the error of differential pressure measurement f h while using volute flowmeter for the measurement of absolute flow rate.
Therefore, the system error of efficiency test was the combination of output power error of generator, head error and flow rate error. 
where, t represents the Stew dent statistical value when the confidence is 95％, t=2.262s; η represents the average value of efficiency; η i represents the efficiency value of each measurement; N represents the measurement times, N=10. In this test, the operating point with the generator output of 34.86MW was repeatedly measured for 10 times, and the measurement results were listed in Table 3 . The random error of efficiency calculated according to the measurement results was: r 0.057% E = ± 
Analysis of test measurement results
According to the contract between Pakistan and China, the efficiency guaranteed values of the turbine were listed in Table 4 at the rated head of 244m. According to the calculation results of Table 2 , Table 4 and the overall error of efficiency test, the characteristic curve of turbine efficiency, the turbine efficiency guarantee curve and the error curve (as shown in Fig.1 ), as well as the characteristic curve of turbine water consumption rate (as shown in Fig.2 ) were plotted. It can be seen from Fig.1 that the measured variation trend is consistent with the characteristic curve of efficiency guaranteed operation in the contract between Pakistan and China. The entire efficiency guarantee curve falls within the error curve. The requirement of efficiency guarantee is satisfied, and the provided efficiency guarantee is qualified. The high efficiency points of the measured line and the characteristic curve of guaranteed operation are almost consistent.
It can be seen from Fig.2 that the water consumption rate of the unit when the output power of the turbine is between 28MW and 38MW is low, and this zone is the economic operating zone. If the output power of the turbine is less than 28MW, the water consumption rate of the unit is increasing dramatically with the reducing of the output power of the generator, and this zone is not the economic operating zone.
It can be seen from Fig.1 and Fig.2 that there are inconsistencies between the measured curve and the contract guaranteed curve when the output power of the turbine is between 19MW and 26MW. This is mainly caused by the low load and poor flow state in this zone, and this is the unit vibration zone, so the error of volute differential pressure measured by the index method is large.
Conclusions
For No.1 turbine set of Khan Khwar hydropower station without direct flow measurement conditions, the results obtained by using the index method in combination with the data of optimal operating point of the comprehensive operation characteristic curve and the numerical iterative principle are correct and credible. The overall error of the efficiency test is 1.881%, which meet the requirement of ±1.5%～±2.5% (confidence of 95%) as specified in international regulation IEC.
In this test, the obtained flow rate equation of the unit is 12.336 Q h = , which has actual application values in the economic operation of a power station. The flow rate of the unit can be detected in real time through the flow rate equation after transmitting the volute differential pressure signal into the monitoring system.
It is feasible and necessary to conduct the field test of turbine efficiency by the index method in consideration of the practical situation of the power station. Through the relative efficiency test of the turbine, the hydraulic characteristics of the unit can be found out, which can provide technical basis for the economic operation of the unit, optimal operation in the station and joint optimal operation of cascade stations. This will also lay the foundation for the gradual strengthening of energy conservation. 
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